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To determine the reproducibility of two-dimensional exer- 
cise echocardiography, duplicate studies were performed 
on the same patients a median of 14 days apart. Because 
measurements are operator-dependent, interobserver vari- 
ability was calculated for two experienced readers who 
interpreted the findings independently in a blinded manner. 
A high degree of interobserver agreement was found in 
evaluation of both ejection fraction measurements and wall 
motion abnormalities. 
Readings for ejection fraction immediately after exercise 
taken on different days could be estimated within 4% of the 
values measured in the first test; similarly measured wall 
Exercise echocardiography provides both diagnostic and 
prognostic information beyond that available from standard 
exercise testing procedures (l-3). Echocardiographic studies 
are of particular benefit in evaluating patients with nondiag- 
nostic electrocardiographic (ECG) responses to conven- 
tional exercise testing and in providing additional data on left 
ventricular function and anatomic abnormalities (4-8). Two- 
dimensional echocardiographic imaging furnishes data on 
left ventricular volumes and mass comparable with those 
reported with use of radionuclide (5,9) and cineangiographic 
(9-12) techniques. Wall motion abnormalities produced by 
exercise-induced myocardial ischemia are detectable and 
relate to the presence and location of coronary artery lesions 
(5,7,12,13). 
Exercise echocardiographic studies can be performed 
using an ergometer (upright or supine) or a standard tread- 
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motion score index was within 6% of that in the first test. 
Ejection fractions and wall motion scores were highly 
correlated between tests 1 and 2. The correlation coeffi- 
cients between tests 1 and 2 were 0.92 for both the pre- and 
postexercise ejection fractions and 0.98 for both the pre- 
and postexercise wall motion scores. 
Quantitative two-dimensional echocardiography imme- 
diately after exercise is highly reproducible, providing a 
valuable tool for assessing serial changes in left ventricular 
function. 
(J Am Co11 Cardiol1989;14:923-8) 
mill testing routine (3,14). The ergometer facilitates contin- 
uous recording of echocardiographic images, but the tread- 
mill provides a more customary setting and allows testing to 
higher oxygen consumption (VOJ levels (I). The conven- 
tional method of upright exercise on a treadmill requires the 
ability to obtain rapidly in the immediate postexercise period 
the appropriale echocardiographic imaging planes before 
wall motion abnormalities disappear (14). The purpose of 
rhis study was to assess the temporal reproducibility of 
measurements obtained with two-dimensional echocardiog- 
raphy immediately after exercise. Exercise echocardio- 
graphic studies were performed on two separate occasions to 
determine their potential utility in serial evaluation of pa- 
tients, especially those with coronary heart disease. 
Methods 
Study subjects. Nineteen volunteers were recruited 
mainly from an ongoing supervised exercise program. Ex- 
cept for two of the volunteers, these individuals were 
long-standing participants who had been previously evalu- 
ated for cardiovascular disease and were familiar with the 
exercise testing procedure. The presence of coronary heart 
disease was documented by a history of myocardial infarc- 
tion (seven patients) or coronary artery bypass grafting (two 
patients), or both (five patients). In addition, two patients 
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had hypertension without evidence of coronary heart disease 
and three patients had no known cardiovascular disease. All 
of the patients were in functional class I (Canadian Heart 
Association classification), except three who had more se- 
vere disease (functional class II or III). Regardless of med- 
ical status, these patients had no acute illness or unstable 
medical conditions at the time of testing. All participants 
agreed to undergo testing on 2 separate days, approximately 
2 weeks apart. 
Exercise testing. Treadmill exercise testing was con- 
ducted with use of the standard symptom-limited Bruce 
protocol, exercising the patient to exhaustion or progressive 
chest pain. All patients underwent this type of testing, 
except two patients tested at the start of the study who used 
the Naughton protocol (a slower work load progression) for 
both tests (15). All patients were evaluated clinically before 
testing, and a 12 lead ECG was obtained before exercise, 
during the last 10 s at each exercise stage, immediately after 
exercise and at 2,4 and 6 min after exercise. Blood pressure 
was obtained just before the ECG recording, and heart rate 
was measured from the corresponding ECG strip. The 
reasons for stopping exercise were the same in the first and 
second exercise tests: 1 patient stopped exercise because of 
chest pain; 17 patients stopped because of fatigue or dys- 
pnea, or both, and 1 patient stopped because of leg pain. 
Exercise echocardiography. Two-dimensional echocar- 
diography was performed in all patients with use of a 
commercially available Kontron system with a 2.5 MHz 
mechanical transducer. Multiple standard apical imaging 
planes were obtained by rotating the transducer from the 
apical four chamber view to the apical two chamber view 
and including the apical long-axis view in all patients before 
and immediately after exercise with the patient in the left 
lateral decubitus position. The optimal apical echocardio- 
graphic window was marked by an electrode on the chest 
wall to facilitate transducer positioning for rapidly obtaining 
views immediately after exercise. If there was any overlap 
between that electrode position and one of the precordial 
ECG leads, a compromise placement of the conflicting 
electrodes was made (16). This permitted location of trans- 
ducer sites for the best possible echocardiographic imaging. 
At the onset of limiting symptoms, the exercise was 
stopped and the patient was immediately transferred to the 
examination table and placed in the left lateral decubitus 
position. The transducer was then quickly positioned at the 
premarked apical position, generally within 30 s but at a 
maximum of 45 s, so that the postexercise evaluation was 
completed immediately after peak levels of exercise. The 
recording of the echocardiogram continued until heart rate 
reverted to its preexercise value or for a maximum of 10 min. 
The patient was made aware of exactly what was going to 
happen and given the opportunity to practice going from the 
treadmill to the table, if necessary. 
Echocardiographic interpretation. All images were re- 
corded on a Panasonic 6300 VHS video recorder and stored 
on Yz inch (0.127 cm) videotape for later playback and 
analysis. Studies were analyzed off-line by two experienced 
observers, a cardiologist (Reader A) and an echocardio- 
graphic technician (Reader B), independently in a blinded 
fashion using a Franklin 2000 cardiac analysis system. Each 
reader followed the same procedure for interpretation of 
data and was not aware of the other’s readings. Readers also 
did not know the results of the first test when completing the 
repeat evaluation. 
Left ventricular ejection fraction was calculated at rest 
and immediately after exercise by using the biplane Simp- 
son’s method to derive the ejection fraction from left ven- 
tricular volumes computed at end-diastole and end-systole 
(17). In each study, left ventricular images were adequate for 
tracing their endocardial outline. For each pre- and postex- 
ercise test, Reader A identified the frames that best defined 
the endocardial surfaces and used consecutive end-diastolic 
and end-systolic frames to calculate ejection fraction. The 
same procedure was followed by Reader B without knowl- 
edge of the frames selected by Reader A. 
Wall motion was also evaluated visually at rest and 
immediately after exercise. On the basis of arbitrarily de- 
fined wall segments, wall motion was scored as 1 = normal 
(including hyperkinetic), 2 = hypokinetic, 3 = akinetic and 
4 = dyskinetic. A wall motion score index was calculated by 
adding the numeric value of each wall segment visualized 
and dividing by the number of segments seen (18). Among 
these patients, we encountered no difficulty in obtaining 
satisfactory rest and exercise echocardiograms even though 
some had anatomic distortion within the thoracic cavity 
because of prior surgical procedures. 
Statistical considerations. Descriptive statistics were ob- 
tained with use of the Statistical Analysis System (19). All 
statistical tests were carried out at the 0.05 significance level 
(two-sided). Comparisons of readings between tests and 
between readers were tested by paired t test. Linear regres- 
sion analysis was used to fit a straight line through the origin 
of test 2 values (second date of testing) as a function of test 
1 values (first date of testing) for ejection fraction before and 
after exercise and wall motion score index before and after 
exercise. The rationale for forcing the regression through the 
origin was to test the hypothesis that the test 2 ejection 
fraction is equal to the test 1 ejection fraction; that is, the 
slope is equal to unity for the regression of test 2 on test 1 for 
both pre- and postexercise ejection fraction. The Pearson 
correlation coefficient was used to assess the linear predic- 
tive ability of test 1 values for test 2 values. The established 
linear regression equation and observed points for pre- and 
postexercise ejection fraction and pre- and postexercise wall 
motion score index are depicted graphically with the 95% 
confidence limits for the mean predicted test 2 values. (Fig. 
1 and 2). Data are reported as mean values *SE. 
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Figure 1. Pre-exercise ejection fraction for test I plotted against Figure 2. Immediate postexercise ejection fraction for test I plotted 
pre-exercise ejection fraction for test 2 in 19 subjects. One obser- against immediate postexercise ejection fraction for test 2 in 19 
vation is hidden because two patients had the same data points. The subjects. One observation is hidden because two patients had the 
regression line has been forced through the origin. The relation same data points. The regression line has been forced through the 
between test 2 and test 1 readings for pre-exercise ejection fraction origin. The relation between test 2 and test 1 readings for postexer- 
is given by the equation: test 2 = I .Ol x test I. The correlation cise ejection fraction is given by the equation: test 2 = I .01 x test 1. 
coefficient is 0.919. The correlation coefficient is 0.917. 
Results 
Nonechocardiographic Variables 
The 19 men studied were predominantly white (95%) and 
ranged in age from 41 to 69 years (mean 57). Exercise testing 
was conducted on two separate occasions at the same time 
of day. The interval between the two tests ranged from 7 to 
56 days (median 14). No appreciable change in clinical status 
was noted for any of the patients between the first and 
second evaluation. Exercise performance of the patients on 
test 1 (first date of testing) compared with test 2 (second date 
of testing) was similar (Table I). The standing heart rate and 
systolic blood pressure at rest during the third stage of 
exercise and 2 min after exercise (supine) did not signifi- 
cantly differ from each other for the two tests. The mean 
total time on the treadmill for test I was 12.0 versus 11.8 min 
for test 2. Corresponding data on maximal oxygen consump- 
tion (QOJ was available for 17 patients and were essentially 
equivalent (39.7 and 39.9 ml/kg per min on test 1 and 2, 
respectively). None of these key measures of exercise per- 
formance was significantly different. 
Echocardiographic Variables 
Test 1 versus test 2. Because the echocardiographic read- 
ings are subject to interpretation, the differences between 
the findings of two experienced readers were evaluated. The 
Table 1. Comparability of Exercise Performance Between ‘Tests I and 2 in 19 Subjects _ 
Difference 
No. of Test I -Test 
Subjects* Test I Test 2 2 p Value 
Heart rate (beatsimin) 
Standing 19 71.6 + 2.2 71.5 ? 2.7 0.1 i 2.0 0.939 
Stage 3 I8 130.7 + 4.0 129.3 ? 4.1 I.4 i 1.8 0.431 
2 min postexercise 19 106.4 +- 3.5 102.2 + 3.9 4.3 + 1.3 0.076 
Systolic blood pressure (mm Hg) 
Standing I9 131.0 -t 4.3 129.0 i 3.2 2.0 z? 2.5 0.435 
Stage 3 I8 168.7 ? 5.6 160.9 i 5.5 7.8 t 4.2 0.080 
2 min postexercise IX 152.6 z 4.6 148.8 -c 3.5 3.8 t 3.0 0.218 
Total time (min) I9 12.0 f 0.6 Il.8 i- 0.6 0.2 + 0.2 0.328 
iiOz (ml/kg per min) I7 39.7 i I.9 39.9 t 1.8 -0.1 -t 1.0 (I.912 _ 
*Data on some variables are incomplete. Data are reported as mean values 2 SE. iiOz = oxygen consumption. 
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Table 2. Mean (%) Difference Between Readers for Preexercise and Immediate Postexercise Ejection 
Fraction in 19 Subjects 
Ejection Fraction 
Mean 
Reader A 
Mean 
Reader B 
Mean 
Difference p Value 
Preexercise Test 1 51.95 k 1.56 51.26 + 1.49 0.68 f 0.71 0.345 
Preexercise Test 2 52.32 k 1.73 51.68 + 1.78 0.63 ? 0.73 0.401 
Postexercise Test 1 60.47 ? 2.12 58.89 + 1.79 1.58 ? 0.76 0.053 
Postexercise Test 2 61.37 ? 1.95 60.74 + 1.68 0.63 t 1.04 0.551 
Data are reported as mean values 2 SE. 
mean values for preexercise ejection fraction from test 1 and 
test 2 between the readers closely approximated one an- 
other, although a slightly higher reading on test 2 was 
apparent for both readers. The mean difference between 
Readers A and B for preexercise ejection fraction was 0.68% 
for test 1 and 0.63% for test 2 (Table 2). The readings 
immediately after exercise were again slightly higher for test 
2, with greater mean differences between readers (1.58% for 
test 1 compared with 0.63% for test 2). The mean difference 
for postexercise ejection fraction on test 1 was greater than 
the other differences and of borderline statistical signifi- 
cance. None of the other differences between readers sum- 
marized in Table 2 were found to be significant. For wall 
motion score index, mean differences between readers both 
before and after exercise were minimal and clearly not 
significant (Table 3). 
Ejection fraction. Because the results between readers 
are not substantially different and a single reader rather than 
the average of two readers represents the more likely clinical 
situation, the comparisons between tests 1 and 2 are made 
for Reader A, the more experienced reader. With only a 
single exception (the same patient on tests 1 and 2), left 
ventricular ejection fraction uniformly increased from rest to 
immediately after exercise (Fig. 3). 
Ejection fraction before and immediately after exercise 
was highly reproducible from test 1 to test 2 (Fig. 1 and 2). 
The equation for the regression line for pre-exercise ejection 
fraction for test 2 versus test 1 is summarized as follows: 
Test 2 (pre-exercise ejection fraction) = 1.01 x test 1 
(pre-exercise ejection fraction). The results were the same 
for the ejection fraction immediately after exercise, given by 
test 2 (postexercise ejection fraction) = 1.01 X test 1 
(postexercise ejection fraction). The correlation coefficient 
between the two tests was 0.92 for both pre- and postexer- 
cise ejection fraction. For both pre- and postexercise ejec- 
tion fraction, the regression coefficients were not signifi- 
cantly different from unity. The 95% confidence limit for the 
regression coefficients for pre- and postexercise ejection 
fraction were 0.98, 1.03 and 0.98, 1.04, respectively. These 
data imply that pre- and postexercise ejection fraction read- 
ings taken on different days differ by no more than 4%. 
Wall motion. Wall motion abnormalities were noted in 14 
of the 19 patients; 5 patients had no detected abnormalities at 
each test. During exercise, wall motion score index either 
remained the same or improved in 12 of the 14 patients, but 
became worse in 2 patients at both studies (Fig. 4). Wall 
motion score indexes were highly reproducible, and the 
same segments were abnormal from test 1 to test 2. The 
correlation coefficient between tests 1 and 2 was 0.98 for 
both pre- and postexercise wall motion score index. The 
relation between test 2 and test 1 readings for wall motion 
score index is given by test 2 (pre-exercise wall motion score 
index) = 1.03 x test 1 (pre-exercise wall motion score 
index), and test 2 (postexercise wall motion score index) = 
1.01 x test 1 (preexercise wall motion score index). The 
regression coefficient for preexercise wall motion score 
index is significantly different from unity (p = 0.04). The 
statistical significance is due in part to the small size of the 
standard error of the slope, and is not of practical impor- 
tance. The 95% confidence limits for this pre-exercise wall 
motion score index regression coefficient are 1.00 and 1.06, 
which indicates that pre-exercise wall motion score index 
readings taken on different days differ by ~6%. This means 
that a pre-exercise wall motion score index of 1.2 on the first 
test could vary from 1.2 (1.2 x 1.00) to 1.3 (1.2 x 1.06) using 
95% confidence limits. The regression coefficient for postex- 
Table 3. Mean Difference Between Readers for Preexercise and Immediate Postexercise Wall 
Motion Score Index 
Mean 
Reader A 
Mean 
Reader B 
Mean 
Difference p Value 
Preexercise Test 1 1.2 t 0.07 1.2 f 0.08 -0.012 k 0.03 0.650 
Postexercise Test I 1.2 t 0.06 1.2 + 0.08 -0.025 + 0.03 0.401 
Preexercise Test 2 1.2 ? 0.08 1.2 + 0.08 0.010 f 0.02 0.573 
Postexercise Test 2 1.2 2 0.07 1.2 + 0.07 0.018 ‘- 0.02 0.390 
Data are reoorted as mean values + SE. 
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Figure 3. Pre- and postexercise ejection fraction for tests I and 2 
combined (19 patients with two studies each). Lines may represent 
multiple observations. All but one patient demonstrated an increase 
in ejection fraction from rest to immediate postexercise. 
ercise wall motion score index is not significantly different 
from unity, and has 95% confidence limits of 0.99 and 1.03. 
These data imply that postexercise wall motion score index 
readings taken on different days vary by ~3%. 
Discussion 
Advantages and limitations of exercise echocardiography. 
Two-dimensional echocardiography offers exceptional op- 
portunities for noninvasively evaluating functional and 
structural abnormalities in patients with coronary heart 
disease. Exercise testing provides an additional provocative 
response, increasing the sensitivity of standard echocardiog- 
raphy at rest. Exercise echocardiography also furnishes an 
assessment of changes in left ventricular function resulting 
from the increasing work load. The yield of wail motion 
abnormalities and, by implication, myocardial ischemia is 
greatly enhanced by the stress of exercise (6.20). Also, the 
sensitivity and specificity of the exercise echocardiogram are 
high in identifying stress-induced myocardial ischemia and in 
assessing prognosis in patients early after myocardial infarc- 
tion (4,8). The ability to reliably perform serial exercise 
echocardiography clearly increases the value of these obser- 
vations. Computer off-line analysis systems that convert the 
videotaped image into a high quality continuous loop image 
sequence have also been used (4). Yet, a key issue remains- 
the reproducibility of echocardiographic findings associated 
with exercise testing. Sources of error in repeat studies 
include the instability of the testing routine and equipment, 
patient variability and observer variability both in perform- 
ing the procedure and in interpreting the results. 
Reproducibility of exercise echocardiography. Our data 
indicate a high level of reproducibility in an experienced 
echocardiographic laboratory using a standardized proce- 
dure. The subjects tested were, for the most part, patients 
with coronary heart disease participating in an exercise 
program. The extent of disease in this group ranged from 
mild to severe, but was characterized by a mean maximal 
oxygen capacity of nearly 40 ml O,/kg per min and rest 
ejection fraction of about 52%. In those patients with more 
severe coronary heart disease, the results may be influenced 
to a greater degree by changing medical status. However, 
such individuals would be unlikely to reach high exercise 
levels or to have as wide a range of possible responses as 
“normal” subjects or those with mild coronary heart dis- 
ease. From that standpoint, the reproducibility of exercise 
echocardiograms in subjects with more severe disease might 
more closely resemble that of the echocardiogram at rest. 
The less severe the abnormality, the greater the likelihood of 
interobserver variance. The potential error introduced by 
interobserver variability is a frequently neglected consider- 
ation (21). A high degree of interobserver agreement was 
noted in this study. However, it should be realized that 
exercise echocardiography does require an experienced 
echocardiographer with considerable background and train- 
ing in cardiovascular disease (14). 
The results of these reproducibility studies should apply 
to similar outpatients with coronary heart disease studied in 
well established echocardiographic centers. The percent of 
those patients with inadequate image acquisition most likely 
Figure 4. Pre- and postexercise wall motion score index for tests 1 
and 2 combined (19 patients with two studies each). Lines may 
represent multiple observations. Five patients had no wall motion 
abnormalities before or after exercise at both tests. Among the 14 
patients with wall motion abnormalities, these abnormalities re- 
mained the same or lessened in 12 patients and became more marked 
in 2 patients after exercise at both tests. 
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increases with exercise echocardiography because of the 
technical difficulties imposed and patient positioning prob- 
lems (14). Yet, technical inadequacy was not a problem in 
this study. In both studies, no patient was rejected from 
echocardiographic study because of inadequate “windows” 
and all had interpretable exercise echocardiograms. This 
“technically satisfactory” rate is higher than previously 
reported but is compatible with recent data from experi- 
enced echocardiography laboratories (5,6,13). 
Another limitation to this approach is the rapid reversion 
of ejection fraction and wall motion changes after stopping 
exercise. Although it is not feasible to adequately image an 
upright exercising patient, immediate recovery is infrequent 
in patients with coronary heart disease and image acquisition 
after exercise appears to be sufficient if obtained shortly 
after exercise cessation. Exceptionally fast recovery occurs 
infrequently and almost always in patients with milder 
coronary heart disease (7). By acquainting patients with the 
routine before testing and instructing them appropriately, 
left ventricular images can be acquired in <I min after 
exercise and generally within 30 s. 
Both ejection fraction and wall motion score indexes were 
highly predictable from one test to the next and within 
narrow confidence limits. Other investigators (22) have not 
examined the reproducibility of two-dimensional echocar- 
diograms after exercise, but have found the variability of 
echocardiographically determined ejection fraction at rest to 
vary from 12% to 46% among readers. In a study of 30 
subjects, Gordon et al. (23) calculated 95% confidence limits 
of approximately 10% for ejection fraction at rest. 
Conclusions. A major concern in the use of any exercise 
stress test is the reliability in quantitating ischemic and 
functional changes. In this report, we assessed the general 
reproducibility of two-dimensional exercise echocardiog- 
raphy, and specifically addressed one important component 
of variability-interobserver differences in interpretation of 
ejection fraction and wall motion abnormalities. We stan- 
dardized the test routine and minimized biologic variability 
by repeating the test within 2 weeks (median), although two 
patients had repeat tests 42 and 56 days later. All studies 
were completed and interpreted by an experienced echocar- 
diographer. Exercise echocardiograms provided highly re- 
producible serial data on “normal” subjects and patients 
with cardiovascular disease, even after coronary artery 
bypass graft surgery. The ability to reproduce exercise 
echocardiographic findings from a given evaluation greatly 
enhances its potential clinical applications for diagnostic and 
functional assessment. 
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